The genus Xenorhabdus consists of the specific bacterial symbionts of the entomopathogenic nematodes of the family Steinernematidae (40) and was separated from the genus Photorhabdus (11) , which contains the symbionts of the entomopathogenic nematodes of the family Heterorhabditidae. Both genera are entomopathogenic gram-negative bacteria belonging to the Enterobacteriaceae. The nematodes carry their bacterial symbionts monoxenically in a special vesicle of the infective stage (L3 juveniles) in Steinernematidae (8) and throughout the whole intestine of Heterorhabditidae (20) . These bacteria are transported by their nematode hosts into the hemocoel of the insect prey, which is killed, probably via a combination of toxin action and septicemia. The bacterial symbionts also contribute to the symbiotic relationship by establishing and maintaining suitable conditions for nematode reproduction (31) . Recently, isolation of some Photorhabdus strains from infected humans in Australia and the United States was reported (21, 30) , and the strains from the United States were classified as Photorhabdus asymbiotica (23) .
The form of the bacterium that is normally isolated from symbiotic infective-stage nematodes is referred to as phase I.
Like many pathogenic bacteria, Xenorhabdus and Photorhabdus strains spontaneously produce colonial variants which have been called phase II variants (10) . The two variants of the bacteria have generally been shown to be equally pathogenic for the larvae of the greater wax moth, Galleria mellonella (3). However, Volgyi et al. (42) described for the first time a phase II variant that showed reduced virulence in the tobacco hornworm, Manduca sexta.
Xenorhabdus nematophila and Photorhabdus luminescens are highly pathogenic to insects, and 50% insect mortality has been reported with direct infection with fewer than 20 bacteria per larva (5) . The bacterial factors involved in killing of the insect or in overcoming the insect immune reactions are still under investigation. Following invasion of the insect host by the nematodes, both bacteria produce potential virulence factors, including lipase, protease, lecithinase, and lipopolysaccharides (LPSs), in the hemocoel (for a review, see reference 24). It was shown that purified LPS, Photorhabdus protease fractions, or Xenorhabdus lecithinase isomers showed no toxic effect following injection into insect hemocoel (12, 16, 39) . Recently, a novel toxin complex with both oral and injectable activities against a wide range of insects was identified in a supernatant of P. luminescens (13) . Purified toxin complex a (Tca) has specific effects on the midgut epithelium of the insect (9) . In order to study Xenorhabdus and Photorhabdus virulence in insects, a genetic approach was also used. Avirulent mutants of X. nematophila have been isolated by transposon mutagenesis (Tn5). These mutants were pleiotropic, but all five mutants that tested as avirulent in G. mellonella were nonmotile and partially impaired in blood hemolysis (43) . It was also shown that a homoserine lactone autoinducer restored virulence to one avirulent X. nematophila strain and stimulated the level of bacterial lipase activity (17) . Recently we reported that flhDC, the flagellar master operon of X. nematophila, controls flagellin expression. Furthermore we revealed that lipolytic and extracellular hemolysin activity is flhD dependent. We also showed that the flhD null mutant displayed an attenuated virulence phenotype in the common cutworm, Spodoptera littoralis, compared to the wild-type strain (25) . The recently published partial genome sequence of P. luminescens (22) revealed a diverse array of genes that putatively encodes potential virulence factors. These factors include exoenzymes (proteases, lipases, and chitinases), a type III secretion system (Yop homolog), and several classes of toxins (insecticidal toxin complex, Rtx-like toxins, and hemolysin and cytotoxin homologs) (22) . Until now, studies examining hemolytic activity of both genera have not been reported.
Cytolysins are proteins which cause lysis of red blood cells (RBC) as well as nucleated cell types by hydrolysis (lipases, phospholipases, or proteases) or by forming pores in the plasma membrane. Surfactants may also cause cytolysis by solubilization of the target cell membrane. Bacterial cytolysins are usually recognized as hemolysin on blood agar where a transparent zone appears around colonies. The production by a few strains of Xenorhabdus and Photorhabdus of hemolysin has been detected on agar supplemented with sheep blood (6, 21, 25) .
Apart from their phoretic location inside infective juvenile nematodes, these bacteria are only observed in insect hemolymph, where they enter their growth cycle. Here the bacteria are in contact with hemocytes which achieve defense reactions in insects. Some of these cells are immunocompetent cells able to engulf (phagocytosis) or to isolate and kill (nodule formation) bacteria. We hypothesize that hemolytic activities could target the immunocompetent cells in insect hemolymph. In this study, we report that different cytolytic activities were found in supernatants of Xenorhabdus whereas none was detected in supernatants of various strains of Photorhabdus. We have studied the kinetics of the production of cytolytic activities over the course of in vitro bacterial growth. We also provide evidence on the characteristics and on the specificity of each of these cytolytic activities against mammalian RBC and insect hemocyte types.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All bacterial strains used in this study and their sources are listed in Table 1 . For each subculture, phase status was determined by differential absorption of dye when the strains were grown on NBTA (nutrient agar supplemented with 25 mg of bromothymol blue and 40 mg of triphenyltetrazolium chloride per liter), by measuring antibacterial activity against Micrococcus luteus (from the culture collection of the Institut Pasteur, Paris, France), and by bioluminescence production for Photorhabdus. Phase I colonies are blue on NBTA, produce agar-diffusible antibiotics, and are bioluminescent for Photorhabdus strains while phase II colonies are red and produce reduced or no antibacterial activity. Bacterial cells were grown at 28°C in 100 ml of Luria-Bertani (LB) broth for liquid cultures and on nutrient agar (Difco) for solid cultures.
RBC hemolytic activity. Hemolytic activity was determined using blood agar plates and a liquid hemolytic assay (35) . (i) Bacteria were grown on Trypticase soy (bioMérieux, Marcy L'Etoile, France) with 5% (vol/vol) defibrinated sheep blood (bioMérieux); hemolysis was determined by the observation of a clearing surrounding bacteria grown on standard sheep blood agar plates. (ii) Determination of the hemolytic activities in bacterial supernatant was achieved using a liquid assay. Briefly, bacterial cells were harvested during growth until 3 days. After centrifugation and ultrafiltration (0.22-m-pore-size filter; Millipore), extracts (50 l) were mixed with a suspension (25 l) of phosphate-buffered saline (PBS)-washed sheep RBC (SRBC) (bioMérieux) or rabbit RBC (RRBC) (bioMérieux) at a final concentration of 5%. The mixture was incubated at 37°C for 1 h. After centrifugation to remove unlysed cells and cell membranes, the released hemoglobin present in the samples was measured at an optical density at 540 nm (OD 540 ). The percent hemolysis was calculated by the following formula: [(A 540 for the sample with hemolysin Ϫ A 540 for the control without hemolysin)/ (A 540 for the complete lysis caused by mixing ultrapure-grade water)] ϫ 100. One cytolytic unit is defined as the release of 100% of hemoglobin.
In vitro insect hemocyte (IH) monolayers and evaluation of IH cytotoxic (IHC) activity. The common cutworm, S. littoralis was reared with a photoperiod of 12 h on an artificial diet at 24°C. Two-day-old sixth-instar larvae were selected and surface sterilized with 70% (vol/vol) ethanol prior to collection of hemolymph in test tubes filled with sterile anticoagulant buffer (62 mM NaCl, 100 mM glucose, 10 mM EDTA, 30 mM trisodium citrate, 26 mM citric acid) (28) . Approximately 1 volume of hemolymph was collected in 5 volumes of the buffer. After centrifugation (800 ϫ g for 15 s) the hemocyte pellet was rinsed in PBS (bioMérieux) and resuspended in the same buffer. Hemocyte suspension (20 l) was layered on heat-sterilized (220°C for 2 h) glass coverslips. Hemocytes were allowed to adhere on glass for 15 min in a moist chamber at room temperature and then were gently rinsed with PBS before use as monolayers.
In tests for cytotoxic activity, excess PBS was pipetted off the coverslip and replaced by 20 l of the solution under study, and monolayers were incubated in a moist chamber at 23°C for 1 h. Hemocyte mortality was checked under phasecontrast microscopy by adding 2 l of trypan blue dye (0.4% in PBS) and allowing 5 min more of incubation. Results were expressed as a percentage of dead cells for each hemocyte type (differential count) or as a percentage of dead hemocytes relative to total hemocyte count, depending on the experiment. Means were compared using the Student t test after arcsin transformation.
Preparation of cytolytic extracts and resistance to physical and enzymatic factors. X. nematophila F1/1 cells were cultivated at 28°C in a 100-ml LB broth liquid culture for 3 days. Cells were removed by centrifugation (6,000 ϫ g, 10 min, 4°C) over the course of bacterial growth. The filter (0.22-m pore size)-sterilized supernatants were used as cytolytic extracts. Temperature and trypsin resistance were respectively assayed by 1-h incubations at 60 to 100°C or with a solution of trypsin (30 U in final volume) (Sigma) before cytolytic assays on RBC and IHs.
Characterization of cytolytic activities. The effects of different experimental parameters on RBC cytolytic activity were assessed.
(i)Effect of incubation at low temperature. RBC suspensions (5%) in PBS were incubated with cytolytic extracts at 4°C for 2 h. After centrifugation, the supernatant was tested for hemolysis as described above. The pellet was rapidly washed in PBS, suspended in the same buffer, and incubated for 1 h more at 37°C, and cytolytic activity was determined.
(ii)Effect of RBC concentration. The same amounts of cytolytic extracts were incubated with different RBC concentrations (5, 10, and 20%) for 2 h, a time course longer than that necessary for saturation of the extent of the effects. Hemolysis was calculated as a percentage of total hemolysis at each RBC concentration.
(iii) Effect of calcium deprivation. The effect of calcium deprivation was determined using the protocol previously described (41) . Briefly, cytolytic extracts were collected from supernatant of bacterial cells grown in 100 ml of LB broth supplemented with 10 M EGTA (Sigma). EGTA extracts were mixed with a suspension of 5% SRBC or RRBC or IHs washed three times in PBS (without Ca and Mg) supplemented with 10 mM EGTA. Thereafter, the number of cytolytic units was calculated as described above.
Effect of LPS on cytolysis in vitro. RBC or hemocyte monolayers were incubated in graded solutions of LPS from Escherichia coli (serotype 0111:B4 [Sigma]; maximum concentration, 5 ⅐ 10 5 U/ml [that is, 1 mg/ml]) in PBS. Electron microscopy. Hemocytes were collected in anticoagulant buffer and then incubated for 1 h with cytolytic extracts diluted 1/3 (vol/vol) with PBS. After incubation, hemocytes were fixed in 5% glutaraldehyde in phosphate buffer (pH 7.2), pelleted by gentle centrifugation, postfixed in 1% osmic acid in the same buffer, dehydrated in a graded series of ethanol, and embedded in Epon 812. Ultrathin sections were stained according to the method of Reynolds (32) and examined in a JEOL 200-CX transmission electron microscope at 70 kV.
RESULTS
Hemolysin-and cytolysin-producing strains among Xenorhabdus and Photorhabdus strains. Two methods (blood agar plate and liquid hemolytic assays) were used to check for the production of cytotoxic factors by the bacteria. Blood agar assays showed that all Xenorhabdus and Photorhabdus wild strains were able to produce hemolysin activity on plates. Xenorhabdus strains produced a total discoloration around the colony of bacteria, whereas Photorhabdus strains displayed different hemolysis patterns (Table 1 ). An unusual type of hemolysis showing a partial hemolysis immediately around the colony and a thin line of complete hemolysis at some distance from the colony has been designated "annular hemolysis" (6) as previously described by Farmer et al. (21) . This type of hemolysis was clearly found in P. asymbiotica isolated from clinical specimens, but it was irregularly observed on plates with other Photorhabdus strains (FRG04 and Meg) isolated from nematodes ( Table 1) . As previously described (25) , the flhD mutant from X. nematophila F1 also produces an annular hemolysis reaction on blood agar ( Table 1) .
The screening of extracellular cytolytic activity among Xenorhabdus and Photorhabdus wild strains allowed us to distinguish three groups of insect pathogen bacteria: (i) the cytolysin-producing strains which were positive on the three kinds of eukaryotic cells (SRBC, RRBC, and IHs), (ii) the cytolysinproducing strains which were positive on two cell types, and (iii) the cytolysin nonproducers or the weaker producers active only on RRBC (Table 1 ). All Photorhabdus strains belonged to the third category, while Xenorhabdus strains belonged to both other categories of cytolysin-producing bacteria. No cytolytic activity against IH was detected in Xenorhabdus poinarii G6.
Both phase II variants from X. nematophila and P. luminescens failed to generate any discoloration of blood and to produce any cytolysis activity with RBC or IHs.
Cytolysin production during broth growth of X. nematophila F1. Figure 1A shows that production of extracellular cytolysin from X. nematophila F1/1 was growth phase dependent. No cytolysin activity was observed during the exponential growth phase. Cytolysin production by the X. nematophila wild type occurred after 10 h of incubation when cells reached the stationary phase (Fig. 1A) . However, different kinetics of production were observed according to the target cell. When growth began to slow down and entered the stationary phase, there was a sudden burst of cytolysis on IHs and hemolysis on SRBC. When this first burst rapidly rose to a maximum level, SRBC cytolysis progressively stopped in prolonged bacterial cultures, whereas a second burst of IHC activity appeared concomitantly with the RRBC cytolytic activity after 20 h of growth (Fig. 1A) .
We previously showed that the disruption of the flhD gene abolished expression of SRBC cytolytic activity in X. nematophila (25) . One question that arises from this work is the dependence of RRBC and IHC activities on flhD. Figure 1B confirmed that no SRBC cytolysis was detected in the bacterial supernatant from ⍀IA, whatever the time of bacterial growth, whereas the burst of IHC activity appeared in the late station- FIG. 1. Relationship between extracellular cytolytic activity and growth in LB broth liquid culture of X. nematophila F1/1 (A) and flhD null mutant (⍀IA) (B). Cytolysis of RBC was expressed as cytolytic units by measuring the release of hemoglobin at OD 540 (see Materials and Methods for calculation). Cytolysis of IHs was expressed as percentages of dead hemocytes relative to total hemocyte counts using trypan blue assay (see Materials and Methods for calculation). The extracellular cytolytic extracts selected for further characterization are indicated at the top of the graph and are designated C1 and C2 for X. nematophila F1/1 and C1* and C2* for the flhD null mutant. Symbols: }, growth measured as OD 600 ; s, cytolytic activity on SRBC; E, cytolytic activity on IHs from S. littoralis; OE, cytolytic activity on RRBC.
ary phase of growth concomitantly with the RRBC cytolysis. This showed that the second burst of IH cytolysis and the RRBC cytolysis were flhD independent.
No cytolytic activity was detected during 3 days of broth growth of the phase II variant from X. nematophila F1 (data not shown).
Biochemical properties of X. nematophila cytolytic extracts. Two cytolytic extracts from F1/1 supernatant were chosen according to the kinetics of cytolysin production (Fig. 1A) . Cytolytic extract C1 displayed the highest SRBC activity and no RRBC activity, whereas cytolytic extract C2 showed no SRBC activity but a high RRBC activity (Table 2 ). Both C1 and C2 cytolytic extracts had high IHC activities.
Each extract was stable as demonstrated by recovery of the whole cytolytic activity after freezing at Ϫ20°C. Both SRBC and IHC activities were completely lost in C1 extract after long-term storage (several weeks) at room temperature or after protease (trypsin) or temperature (60°C, 1 h) treatment, whereas C2 extract was always stable after such treatments. An increase of RRBC activity was even observed following heat incubations, suggesting a heat sensitivity of cytolysin inhibitor. Surprisingly, a negative effect of heat treatment was observed on IHC activity of C2 extract ( Table 2 ). The same resistance to the treatments was obtained using supernatant obtained after long-term growth (C2‫ء‬ extract) from the flhD null mutant, ⍀IA (data not shown).
Characterization of hemolytic and cytolytic activities from X. nematophila. (i) Calcium independence. X. nematophila F1/1 cells were grown in LB broth depleted of calcium by the addition of 10 M EGTA. The kinetics of production of the different cytolytic activities in LB broth culture supernatants with (Fig. 1A) or without (data not shown) calcium were similar. Cytolytic activities of the C1 and C2 extracts from calciumdepleted cultures against SRBC, RRBC, and IH in the presence of EGTA gave approximately the same values as those obtained from control assays without calcium depletion (Table  2 ). These results suggest that the molecules involved in cytolytic activities were produced independently of calcium and that calcium was not required for activity.
(ii) Binding to cell membranes at low temperatures. In a series of experiments, RBC were incubated with C1 or C2 extracts at 4°C for 2 h. No hemolytic activity was recorded at this temperature. After centrifugation, the pellet of RBC and the supernatant were separately assayed for cytolytic activity at 37°C (Table 2) . With C1 extract, all the activity on SRBC was recovered in the supernatant ( Table 2 ), suggesting that there was no fixation of the hemolytic factors on the cell membrane at low temperatures. In contrast, the C2 extract's hemolytic activity was recovered both in the pellet and in the supernatant (Table 2) .
(iii) Effect of RBC concentration. In order to assay the recycling of hemolytic factors, constant amounts of C1 and C2 extracts were incubated with increasing concentrations (5, 10, and 20%) of SRBC and RRBC, respectively. Figure 2 shows that the percentage of lysis, expressed as a percentage of the total lysis, decreased with increasing target cell concentration. These results demonstrate that hemolytic factors in C1 and C2 extracts were not recycled. (Table 2) .
Cell specificity of cytolytic extracts. C1 and C2 extracts from X. nematophila F1/1 exhibited different specificities with regard to the IH types. According to Brehélin and Zachary (14) , six different hemocyte types were characterized in S. littoralis larvae. Plasmatocytes (PL) and granulocytes (type 1 granular hemocytes [GR] ) are the most numerous cell types, representing almost 90% of total hemocytes present in hemolymph. As in other lepidopteran species, they were endowed with immune reactions. GR are phagocytic cells and are the functional equivalent of mammalian macrophages, whereas PL are the main cell type which forms capsules around foreign bodies of a large size. Spherule cells (SPH), which have unknown function, represented 5% of total hemocytes, whereas prohemocytes, oenocytoids, and cells with large granules comprised the remaining 5% (C. Ribeiro and M. Brehélin, unpublished data). On cell monolayers, after incubation in PBS on slides, hemocytes rapidly spread and took characteristic shapes (Fig. 3A) , with extended lamellipodia for PL and numerous short filopodia for GR (34) . GR were the main hemocyte target in C1 extract ( Fig. 3B and 4) . After 1 h of incubation with twofolddiluted C1 extract, more than 90% of GR and almost 60% of PL were stained with trypan blue when no cytolytic activity was detected on SPH (Fig. 4) . Transmission electron microscopic studies using fourfold-diluted C1 extract showed extensive distensions of endoplasmic reticulum (ER) vesicles and of the perinuclear cisterna in GR (Fig. 5B) . PL showed vacuoles of a small size, but as in GR, these vacuoles were also dilated vesicles of the ER.
The effects of C2 extract on hemocyte monolayers were quite different from those of C1 extract. PL were much more sensitive than GR to extract C2 (Fig. 4) . PL had lost their lamellipodia and often appeared as shrunken, rounded cells, sometimes difficult to distinguish from GR (Fig. 3C) . SPH also appeared very sensitive to cytotoxic factors of the C2 extract (Fig. 4) . In transmission electron microscopy, very few vesicles were seen in hemocytes after incubation with C2 extract (Fig.  5C) . Hemocytes of the different types appeared as shrunken cells with a dense cytoplasm. Their chromatin was condensed in numerous small rounded masses. Vesicles of the ER were not distended, but mitochondria were slightly swollen ( Fig. 5A  and C) .
Twofold-diluted extract obtained from short-term broth growth (20 h old) of the ⍀IA mutant (C1‫ء‬ extract) showed no effect on hemocyte monolayers (Fig. 3D) , whereas extracts obtained from long-term growth (C2‫ء‬ extract) (Fig. 1B) gave the same cytotoxicity, mainly on PL and on SPH (Fig. 3E) , as did C2 extract from the wild strain F1 (Fig. 3C) .
DISCUSSION
Hemolysis in Photorhabdus, formerly considered Xenorhabdus luminescens, was first described by Farmer et al. (21) . An unusual reaction on a sheep blood plate, designated annular hemolysis (6) , was at first considered to be a marker in recognizing P. asymbiotica strains isolated from clinical specimens (21) . The present study confirms that P. asymbiotica strains clearly express this phenotype but other Photorhabdus strains isolated from nematodes are also annular hemolysis producers ( Table 1) . As previously described, the Xenorhabdus flhD mutant also produces an annular hemolysis reaction on blood agar. This unusual pattern is not unique. Bacillus cereus isolates display the same phenotype, which has been termed a "discontinuous hemolytic pattern." The hemolysin BL, which causes this reaction, is a major virulence determinant of B. cereus in the nongastrointestinal infections (7) .
Since the partial genome sequencing of P. luminescens revealed numerous sequences similar to genes encoding hemolysins (22), we could predict that the Photorhabdus strains would be likely strong hemolysin producers. Photorhabdus strains were hemolytic on blood agar plates (Table 1) . Surprisingly, no extracellular cytolytic activity against SRBC and IHs was detected in Photorhabdus supernatants. These data may suggest (i) that insect cellular types other than hemocytes are the targets of Photorhabdus extracellular hemolysins, (ii) that these compounds should be processed like insecticidal toxin complexes (13), or (iii) that the contact between bacteria and target cells is necessary for cytolysis.
Unlike Photorhabdus, Xenorhabdus wild strains displayed strong cytolytic activities on Spodoptera hemocytes. Only X. poinarii, which is considered to be a weakly pathogenic species for Lepidoptera, with a 50% lethal dose in the range of 1,000 to 10,000 bacteria (4), was a cytolysin nonproducer (Table 1) . Thus, there is a positive correlation between the presence of cytolysin active on insect immunocytes and Xenorhabdus virulence. Moreover, we have previously demonstrated that the flhD null mutant which has lost activity on SRBC displayed an attenuated virulence phenotype in S. littoralis (25) . This study revealed that even though this mutant was unable to produce the early cytolytic activity when tested with sheep or insect blood cells, it always displayed an IHC activity during late stationary growth phase (Table 1 ; Fig 1B) . These data may explain why the flhD null mutant remained virulent and why insects injected with the mutant take longer to die.
The toxicity of entomopathogenic bacteria for insect hemocytes has already been described for Pseudomonas aeruginosa (26) and for X. nematophila (18, 37, 38) . These in vivo experiments were inappropriate for distinguishing a direct toxicity of factors to hemocytes (cytotoxins) or a lytic action involving the general host physiology as with LPSs in mammals (36) . In vitro experiments using cultured insect cells (Sf-9 and mbn-2) and Bacillus thuringiensis as the pathogen showed that the bacterium (strain Bt 13) or its culture supernatant can kill the insect cells (44) . In the present study we also conducted in vitro experiments, but rather than using cell lines, we used IH monolayers. Using this in vitro assay, two different cytolytic activities on insect immunocompetent cells were found in the supernatant of X. nematophila F1/1 broth growth. Both of these activities found in C1 and C2 extracts have been studied (Fig. 1A) . The extracellular cytolytic activity of the C1 extract was (i) the most precocious, as it occurred when the bacterial culture reached the stationary phase; (ii) flhD dependent; (iii) calcium independent; and (iv) heat labile. These characteristics were also those of the hemolytic activity evidenced on SRBC, suggesting that the same factor(s) was responsible for hemolysis of SRBC in suspension and for cytolysis of IHs. In contrast, the second cytolytic activity (i) appeared late in the stationary phase, (ii) was flhD independent, (iii) was calcium independent, and (iv) was heat resistant, four characteristics of the hemolytic activity observed on RRBC suspensions.
In addition to their differences in lysis of RBC from two mammalian species, C1 and C2 extracts also showed strong differences in specificity for IHs. Among the three most-numerous hemocyte types, the macrophage-like cells of S. littoralis hemolymph (GR) were more sensitive than PL to C1 extract, SPH being the most resistant cells. In contrast, C2 extract was mainly cytotoxic for PL and SPH whereas GR were the most resistant hemocytes (Fig. 4) . The specificity of C1 extract for IH types and the biochemical characteristics (Table  2) were exactly those evidenced for a cytotoxic factor (CyA) present in medium after incubation of the nematobacterial complex Steinernema-Xenorhabdus (33) . The present study shows that the factor CyA characterized in the nematobacterial complex originates from the bacterium rather than from the nematode.
Finally, C1 and C2 also exhibited differences in the kinds of cytotoxic effects against insect immunocytes. Soon after incubation with C1, hemocytes developed large and numerous vacuoles and then appeared as swollen cells, whereas incubation with C2 induced a shrinkage of hemocytes. We show here that C1-induced vacuoles observed in PL and GR are the dilatation of the ER (Fig. 5) . Similar vacuoles are also observed in mammalian cells treated by the pore-forming aerolysin of Aeromonas hydrophila (1). However, no cytolysis after several hours of incubation has been observed with the poreforming aerolysin (2), whereas C1-induced vacuolization led to hemocyte lysis in a few minutes.
It is clear that both cytolytic activities of X. nematophila were distinct and that their production was independently regulated. Nevertheless, the nature of molecules involved in the cytolysis and the mechanism of action against cell target remain unknown. The Xenorhabdus supernatants are rich in protease and lipolytic enzymes (10) which could account for hemolytic activity by proteolysis or phospholipid breakdown. For both cytolytic extracts, the percent hemolysis elaborated by a constant amount of extract decreased with increasing target cell concentration (Fig. 2) . According to Rowe and Welch (35) , this result shows that the hemolytic factor(s) was unable to be recycled, suggesting that its toxicity on RBC did not involve an enzymatic mechanism. Moreover, we showed (i) that the X. nematophila flhD null mutant which has lost the ability to produce heat-labile hemolytic activity (this study) remains a lecithinase and protease producer (25; A. Givaudan, unpublished data), (ii) that the phase II variant of X. nematophila which displayed a higher Tween lipase activity than did the wild type (25) was a hemolysin nonproducer (Table 1) , and (iii) that addition of EGTA (an inhibitor of metalloprotease) to culture medium did not affect the cytolytic and hemolytic activity (Table 2) . Taken together, all these results led us to conclude that the hemolytic and cytolytic activities in X. nematophila described in this study were not related to exoenzyme activities. In other respects, we have shown that no lysis occurred at 4°C with either cytolytic extract. These data suggest that this temperature-dependent lytic process could require energy to occur. A detergent-like activity has already been described as a hemolytic process (35) . However, this mechanism is usually effective at low temperatures and unable to target particular types of cells, unlike both X. nematophila cytolytic activities. These data may suggest that pore-forming toxins were involved in the lytic process of both X. nematophila extracts as has been described for many bacteria (29) .
Trypsin and heat sensitivities suggest that a proteinaceous component in C1 extract was required for cytolytic activity. Our preliminary results of patch-clamp experiments achieved with a prepurified C1 extract are also in accordance with the presence of a pore-forming-like molecule (Ribeiro and Brehélin, unpublished data). In contrast, heat and trypsin resistance of C2 extract is characteristic of LPS, which has been suggested to be toxic in vivo for G. mellonella (Lepidoptera) hemocytes (19) . But Charalambidis et al. (15) have shown that solutions of LPS from E. coli (up to 500 g/ml) had no toxic effect on IHs in vitro. Moreover, LPS extracted from X. nematophila was not toxic for lepidopteran hemocytes in vitro (33) . These different studies are consistent with the data of inactivity of LPS on RBC and IHs as reported in the present work (Table 2 ). These data led us to conclude that LPS was not involved in the cytolysis against IHs and RBC observed with C2 heat-stable cytotoxic extracts. Finally, the active factors in C2 extracts can bind to RRBC membrane at 4°C and then achieve their hemolytic activity at 37°C, like most of the pore-forming bacterial toxins (29) . Pore-forming cytotoxin isolated in the protozoan parasite Entamoeba histolytica is a polypeptide resistant to FIG. 4 . Percentages of lysis of S. littoralis hemocytes of each type after 1 h of incubation with supernatants of X. nematophila F1/1. C1 or C2 extract was diluted 1/3 (vol/vol) with PBS. Uncultivated sterile medium diluted 1/3 (vol/vol) in PBS was used as the control. Means and standard deviations (error bars) are shown for duplicate experiments with six larvae. For each hemocyte type after arcsin transformation, differences in percentages are highly significant (P Ͻ 0.001) except for SPH in the control and C1 extract. heat and proteolytic degradation that forms ion channels in target cell membranes (27) . This may suggest that the active factor in C2 extract is also a pore-forming toxin.
Both insect cytolytic activities presented in this study destroyed the immunocompetent insect cells. If these bacterial factors are produced in insects during an infection with the nematobacterial complex, they could be involved in the infectious process by depression of some of the immune reactions. As the cellular targets were different from each other, the immune depression could be achieved by decreasing the number of cells available for two major immune reactions, capsule and nodule formation involving the PL and phagocytosis mediated by GR (34) . Further work is required to construct a mutant deficient in both cytolytic activities in order to clarify the in vivo involvement of cytolysis against cellular defense responses of insects during the pathogenic interaction with Xenorhabdus.
